This paper presents the temperature and pressure dependence of the minimum binary diffusivity in granitic melts. The minimum diffusivities are determined by monitoring the temporal development of the diffusion -controlled melt layer(DCM) in granitic systems (albite (Ab) -quartz (Qtz) -H 2 O and orthoclase (Or) -Qtz -H 2 O) gathered during 31 melting experiments under conditions of 800 -900 °C and 100 -200 MPa for durations of 19 -72 h. The DCM is formed between single crystals (Ab or Or crystals) and powdered quartz in all runs and is characterized by a distinct concentration gradient. The maximum thickness of the DCM increases systematically with temperature, pressure, and run duration. Temporal development of the DCM obeys the parabolic growth rate law, using which the diffusivity can be estimated. Plots of concentrations along the diffusion paths in ternary diagrams (Na 2 O -Al 2 O 3 -SiO 2 diagram for the Ab -Qtz -H 2 O system and K 2 O -Al 2 O 3 -SiO 2 diagram for the Or -Qtz -H 2 O system) show linear trends rather than S -shaped trends, indicating that binary nature of diffusion occurs in these systems. Therefore, the diffusive component can be interpreted as an albite component or orthoclase and quartz components (SiO 2 ) rather than an oxide or a cation.
INTRODUCTION
Crustal melting and the genesis of granitic magmas are important in earth science for explaining the evolution of the continental crust. Incipient melting of crustal rocks, in particular, that of water -saturated pelitic and granitic rocks, is expected to proceed as a diffusion -controlled process because melting will occur at first at the grain boundary of quartz, plagioclase, and K -feldspar. The driving force for diffusion in the intergranular melt is a chemical potential gradient (Fisher, 1973 (Fisher, , 1978 , which is maintained during the incipient melting of granitic rocks. Once a melt network forms in the rocks, the melt may coalesce and begin to flow owing to buoyancy or accor ding to deviatoric stress, finally forming migmatites or largescale magmatic bodies. Although mechanical mixing is effective in homogenizing granitic magmas during melt segregation and transportation (Brown et al., 1995) , the attainment of chemical equilibrium is ultimately governed by diffusion in the melt (Acosta - Vigil et al., 2006a; Shaw, 2000 Shaw, , 2004 . When local equilibrium is instantaneously established between the melt and the mine rals, diffusion will be the rate -determining process since the reaction being much faster than diffusion (Fisher, 1973 (Fisher, , 1978 . Therefore, the diffusion mechanism and the time scale of incipient melting in granitic systems are key factors for understanding the crustal melting and genesis of granitic magmas and migmatites (e.g., Watson and Jurewicz, 1984; Baker, 1990; Sawyer, 1991; van der Laan and Wyllie, 1993; Chakraborty et al., 1995a Chakraborty et al., 1995b Liang et al., 1996; Harris et al., 2000; Acosta -Vigil et al., 2002 , 2006b ). In particular, understanding the diffusivity in sili-cate melts under various conditions helps to elucidate not only the melting processes but also the crystallization processes in igneous rocks (Acosta -Vigil et al., 2006a) . To determine the temperature and pressure dependence of diffusivity in granitic incipient melts, we carried out a series of melting experiments in a granitic system under crustal anatectic conditions (at temperatures of 800 -900 °C and pressures of 100 -200 MPa).
Several previous experimental studies on granitic systems have focused on phase equilibria (e.g., Tuttle and Bowen, 1958) and the melting kinetics and diffusive properties of the melt (e.g., Arzi, 1978; Brearley and Rubie, 1990; Mungall et al., 1998) . Morita et al. (2008) performed melting experiments on granitic rock, examined the diffusive properties, and classified them into four categories depending on the different experimental settings: 1) experiments involving the direct melting of the rock chip (e.g., Acosta - Vigil et al., 2006a) , 2) experiments involving the mutual melting of minerals in contact with one another (e.g., Johannes, 1989; Johannes et al, 1994) , 3) experiments on mineral dissolution into the granitic melt (glass) (e.g., Acosta - Vigil et al., 2002 Vigil et al., , 2006b , and 4) experiments on single mineral melting (e.g., Johannes et al, 1994) .
Acosta - Vigil et al. (2006b) carried out experiments on the dissolution of quartz, albite, and orthoclase into a H 2 O -saturated haplogranitic melt at 800 °C and 200 MPa H 2 O over a duration of 120 -1488 h with the aim of ascertaining the diffusive transport properties of granitic melts at a crustal anatectic temperature (category 3 of Morita et al., 2006) . Their experimental results indicate diffusivities of 2.0 -2.8 × 10 −15 m 2 /s and 0.6 -2.4 × 10 −14 m 2 /s along the directions of the Si eigenvector and Al eigen vector, respectively, and also yields minimum diffusivities of 3.0 -9.0 × 10 −11 m 2 /s in the case of alkalis. On the other hand, Acosta - Vigil et al. (2006a) reported the formation of a melt (glass) film at the grain boundaries owing to the partial melting of a natural aplitic leucogranite (quartz, sodic plagioclase, K -feldspar, and biotite) at pressures of 200 MPa H 2 O and temperatures of 690 °C, 740 °C, and 800 °C (category 1 of Morita et al., 2006) . Acosta - Vigil et al. (2006a) suggested that the thickness of the partial melt film depends on the temperature and the run duration. They also showed that the partial melting produced heterogeneous melts, whose compositions are determined by the diffusive properties of the components and also by the local equilibrium with neighboring minerals. However, in this experiment the diffusivity was not determined because of complicated factors (e.g., the indented boundary between the melt film and mineral) associated with the natural leucogranitic rock. In our study, melting experiments were conducted using a simple setup (category 2 of Morita et al., 2006) to produce and preserve the melt layer between reactant minerals, and we were able to determine the diffusivity in the granitic melt. We employed an internally heated pressure vessel (Dr. HIP made by KOBEL-CO©) equipped with a rapid quench system, which prevents the modification of melt compositions during cooling after the run. Such experiments, corre sponding to the category 2 of Morita et al. (2008) , have rarely been conducted.
The following two run configurations were adopted: albite (Ab) single crystal + quartz (Qtz) powder + water (Ab -Qtz -H 2 O system) and orthoclase (Or) single crystal + Qtz powder + water (Or -Qtz -H 2 O system). In this experiment, quartz was powdered to yield a large surface area because its melting temperature is higher than the melting temperatures of other feldspars, and this helps the partial melting to occur more easily. Using powdered quartz reduces the onset time for the partial melting of the minerals, and therefore, enables the determination of diffusivity on the basis of relatively short run durations of 19 h, 34 h, and 72 h; this in turn makes possible the exploration of a larger variety of temperature and pressure conditions in the experimental runs. 
EXPERIMENTS
Starting materials used in the experiments were gemgrade natural minerals (albite from Minas Gerais, Brazil, and orthoclase from Madagascar) and synthetic quartz (Showa Denpa©). Table 2 lists their mineral compositions. The experimental runs involve a single crystal of one of reactant minerals and powdered crystals of the other, together with distilled water in a gold capsule. The single crystals, which were cut out from large crystals using a microcutter, had dimensions of approximately 2 × 2 × 5 mm. The powdered crystals had diameters of less than approximately 300 μm. The weight ratio of the single crystal to the powdered crystals embedded in one capsule was approximately 1:1 (Table 3 ). The amount of water to be added was determined according to the Steam Table (Haar et al., 1984) so as to make the volume nearly equal to that of the capsule under the experimental conditions. After welding, the capsule was left overnight in an oven at 100 °C and then weighed to ensure that there was no loss of water. The experiments were carried out with an internally heated pressure vessel with a rapid quench system (Dr. HIP) at Kumamoto University. The pressure and temperature fluctuations during the run were less than 1% and within ±1 °C, respectively. The capsule was put in a small bucket made of molybdenum that was hung by a molybdenum wire in the central part of the furnace under the run conditions. After the run, the bucket was dropped into a colder part (at ~ 350 °C) of the furnace by breaking the wire by passing an electric current, and thus, the run product was quenched. The capsule was weighed again after the experiment, and it showed no leakage of water during the run. The run product retrieved from the capsule was embedded in an epoxy resin and polished with diamond paste. Both starting materials and run products were analyzed with an energy -dispersive X -ray microanalyzer (JEOL PC -SEM 5600 combined with LINK ISIS) housed at Kumamoto University, operating at an accelerating voltage of 20 kV, and a beam current of 0.6 nA and with a beam area of 2 × 2 μm 2 . Elemental mapping was performed with an energy -dispersive X -ray microanalyzer (JEOL JSM -7001F field emission SEM equipped with an Oxford INCA X -Max EDS system) housed at Kumamoto University with an accelerating voltage of 15 kV and a beam current of 18.0 nA.
RESULTS

Albite-Quartz-H 2 O system (Ab-Qtz-H 2 O system)
Sixteen runs were carried out for the Ab -Qtz -H 2 O system (Table 1 ). All run products showed the development of a melt layer around the single crystal and the powdered crystals. The textural characteristics of the run products were common to all runs, as described below, taking R -01 (200 MPa, 850 °C, 19 h) as an example. Figure 1 (A -1) Table 2 . Representative analyses of starting materials (C), core analyses; (R), rim analyses. Table 3 . Experimental conditions and the weights of starting materials as an example of R -01 and 02 S.C., single crystal; P.C., powdered crystal. Table 4 . BSE images showing occurrences of a diffusion -controlled melt layer (DCM) between albite single crystal and quartz (A -2) and between orthoclase single crystal and quartz (B -2). Note that the concave surface of feldspars are consistent with the convex surface of quartz and the DCM between them (A -3 and B -3). Diffusion -controlled melting in granitic systems shows a backscattered electron (BSE) image of the run product from R -01, in which a melt layer has developed over the entire surface of the crystals. Although the starting crystals having flat and angular margins, the edges of both albite and quartz are rounded because of melting [Figs. 1(A -2) and 1(A -3)]. Representative analy ses of the single crystal and melt are listed in Table 4 . The entire melt layer [ Fig. 1 (A -1)] is ~ 450 -μm thick and is composed of a homogeneous "melt surrounding Qtz" (MSQ) [Figs. 1(A -2) and 1(A -3)]and a compositional boundary layer (70 μm) between Ab and the MSQ. The latter is characterized by a distinct concentration gradient and is defined as a diffusion -controlled melt layer[DCM: Fig. 1(A -2) ]. Chemical mapping of elemental Si, Al, and Na shows a heterogeneous DCM and a homo geneous MSQ ( Fig. 2A) . Figure 3 shows the concentration profile across the DCM between the albite single crystal and the powdered quartz in the run product from R -01. The concentration profile across the DCM displays the following features: 1) SiO 2 content increases from albite to quartz by ~ 9 wt%. 2) Al 2 O 3 and Na 2 O contents decrease towards quartz by ~ 3 wt% and 2 wt%, respectively. 3) The concentration of H 2 O is inferred to increase towards albite on the basis of the variation in the total weights of other oxides (H 2 O concentration = 100 wt% -total weight of other oxides). Figure 1(A -3) shows Figure 1 . Diffusion -controlled melting in granitic systems that the convex shape of the quartz crystal matches with the concave surface of the albite crystal, and therefore, represents evidence of diffusion -controlled melting of both albite and quartz. Figure 4 shows concentration profiles from the albite crystal through the DCM to the inside of the MSQ for the run R -11 (850 °C, 200 MPa, 72 h). The concentration profiles from the DCM are very similar to those in R -01 (Fig. 3) . The MSQ has the following concentration features: 1) MSQ has a SiO 2 content of up to 80 wt% and is richer than DCM in terms of SiO 2 content. 2) Al 2 O 3 and Na 2 O contents in MSQ are less than those in DCM, and they are almost constant throughout the MSQ. The almost uniform MSQ composition of ~ 48 wt% albite under an anhydrous basis (based on the norm assuming that the albite component is determined by Al 2 O 3 but not by Na 2 O), is almost consistent with the liquidus composition in the eutectic system (Fig. 5; Tuttle and Bowen, 1958) . Figure  6A shows a SiO 2 -Al 2 O 3 -Na 2 O ternary diagram with plots of concentrations (in weight percent) of melts along the diffusion path, from the albite crystal through the DCM and the MSQ to the quartz, for the run R -11 (Fig. 4) . DCM compositions show a wide distribution, whereas those of the MSQ appear much closer to one other. A pe- culiar feature is that concentrations in the DCM and MSQ are arranged linearly in this plot. These plots are off the Ab -Qtz tie line, with a deviation towards the higher Al 2 O 3 and lower Na 2 O side, which is attributed to an orthoclase component (K 2 O) and an anorthite component (CaO) that are partially contained in the starting albite (Table 2) . However, the distinct linear trend in the ternary diagram demonstrates the binary nature of diffusion in this system because ternary diffusion nor mally displays an S -shaped trend owing to the difference in the diffusivities of the three components (e.g., Oishi, 1965) . In other words, in our system the diffusive components are albite and quartz. We measured the width of the DCM, which is defined as the thickness of the melt layer with distinct concentration gradients perpendicular to the albite surface (arrow symbol: 31.3 μm in Fig. 3) . Table 5 lists the maximum widths of the DCM in the Ab -Qtz -H 2 O system under 16 experimental conditions. The width of the melt layer increases as the temperature and pressure become higher and also as the duration increases. The entire melt layer, including the DCM and MSQ, also shows a systematic development as the temperature, pressure, and run duration are increased (Table 5 ).
Orthoclase-Quartz-H 2 O system (Or-Qtz-H 2 O system)
All runs under the 15 conditions listed in Table 1 in the Or -Qtz -H 2 O system show development of both the MSQ and the DCM that is located between a single crystal and powdered crystals. Figure 1B -1 shows an example (R -06: 900 °C, 200 MPa, 19 h) in which the entire melt layer has a thickness of ~ 450 μm. Chemical mapping of elemental Si, Al, and K shows a heterogeneous DCM and a homogeneous MSQ (Fig. 2B) . Representative analyses of the single crystal and melt are listed in Table 4 . The edges of the orthoclase and quartz crystals were rounded after the run [ Figs. 1(B -2) and 1(B -3) ]. Figure 1(B -3) shows that the convex shape of a quartz crystal corresponds well with the concave surface of orthoclase crystal. This type of texture is common among the run products and strongly suggests diffusion -controlled melting of both orthoclase and quartz. Figure 7 shows a BSE image and the concentration profiles for the DCM located between the orthoclase and quartz powder in R -06. SiO 2 content increases from orthoclase to quartz by ~ 14 wt%. Al 2 O 3 and K 2 O contents decrease towards quartz by ~ 5 wt% and 3 wt%, res pectively. The variation in the total oxide weight indicates that the amount of H 2 O may increase towards orthoclase. The MSQ has the following features: SiO 2 content in the MSQ is higher than that in the DCM; SiO 2 , Al 2 O 3 , and K 2 O have almost constant concentrations throughout the MSQ. The uniform composition of the MSQ is ~ 55 wt% orthoclase under an anhydrous basis (based on the norm assuming that the orthoclase component is determined by Al 2 O 3 but not by K 2 O), which may indicate a liquidus composition in the binary eutectic system. Figure 6B shows plots of concentrations of the melts (R -12; 850 °C and 200 MPa, 72 h) along the diffusion path, from ortho- Figure 6B is that all melt concentrations involving the DCM and MSQ show a linear trend in the ternary diagram. There is a slight discrepancy between the linear trend and Or -Qtz tie line with a deviation to the lower K 2 O side, which is caused by the albite component (Na 2 O) being slightly contained in starting orthoclase mineral (Table 2 ). The departure towards the high Al 2 O 3 side in this system is relatively small compared to that in the Ab -Qtz -H 2 O system because the starting mineral does not contain an anorthite (CaO) component. As in the case of the Ab -Qtz -H 2 O system, the presence of this distinct linear trend and not an S -shape trend implies the binary nature of diffusion in this system;
i.e., the orthoclase and quartz components are the diffusive components. Table 6 shows the maximum widths of the DCM and the entire melt layer in the Or -Qtz -H 2 O system under 15 experimental conditions. The higher the temperature and pressure and the longer the duration, the higher is the degree of melting (Table 6) .
DCM compositions as a function of temperature
The composition of the DCM changes with temperature. Figure 8A shows a case for the Ab -Qtz -H 2 O system in which concentration gradients of SiO 2 , Al 2 O 3 and Na 2 O become gentler as the temperature increases. Furthermore, the melt composition at the interface between the albite crystal and the DCM shifts towards the albite composi- Figure 9A shows the compositional ranges of the DCM (solid bars) at 800 °C, 850 °C, and 900 °C (200 MPa, 19 h) in the phase diagram of Tuttle and Bowen (1958) . The dash -dotted line denotes the compositional range expected from the liquidus relation under each condition. The composition of the MSQ is shown by a cross symbol. Although the observed compositional range of the DCM becomes wider as the temperature increases, it is not exactly the same as that expected from the liquidus relation (Figs. 8A and 9A ). The albitic end of the DCM composition is much lower in the albite component than expected from the liquidus relation. Longer duration runs (34 h and 72 h) show similar inconsistencies.
In the case of the Or -Qtz -H 2 O system, concentration gradients in the DCM are similar in the three cases of 800, 850, and 900 °C under isobaric conditions of 200 MPa for a duration of 19 h (Fig. 8B) . However, the melt composition at the interface between the orthoclase crystal and the DCM shifts towards the orthoclase composi- tion, and the compositional range of the DCM becomes wider as the temperature is increased.
DCM compositions as a function of pressure
The composition of the DCM also varies with pressure. Figure 10A shows the case for the Ab -Qtz -H 2 O system in which concentration gradients of SiO 2 , Al 2 O 3 , and Na 2 O become gentler as the pressure increases, as with temperature. Furthermore, the compositional range of the DCM becomes wider with increasing pressure. Figure 9B shows the compositional ranges of the DCM at 100 MPa and 200 MPa (850 °C, 19 h) in the phase diagram of Tuttle and Bowen (1958) . The dash -dotted line denotes the compositional range expected from the liquidus relation under each condition. Although the observed compositional ranges of the DCM become wider as the pressure increases, it is not exactly the same as that expected from the liquidus relation (Figs. 9B and 10A ). The albitic end of the DCM composition is much poorer in the albite component than expected from the liquidus relation. Longer duration runs (34 h and 72 h) show similar inconsistencies. In the case of the Or -Qtz -H 2 O system, concentration gradients of SiO 2 , Al 2 O 3 , and K 2 O in the DCM become gentler as the pressure increases (Fig. 10B) , as seen in case of the Ab -Qtz -H 2 O system. The melt composition at the interface between the orthoclase crystal and the DCM shifts slightly towards the orthoclase composition, and the compositional range of the DCM becomes slightly wider as the pressure increases. The degree of these changes is much smaller than those observed in the Ab -Qtz -H 2 O system.
DISCUSSION
Temporal development of the diffusion-controlled melts
If the observed DCM really represents the diffusion -controlled structure, its growth should be governed by the parabolic growth rate law.
, where w represents the maximum thickness (cm) of the DCM; D, the diffusivity in the melt (cm 2 /s); and t, the duration (s). Figures 11A -1 and B -1 show plots of w versus t 1/2 for runs at 850 °C and 200MPa in the Ab -Qtz -H 2 O system (R -01, R -13 and R -11: A -1) and in the Or -Qtz -H 2 O system (R -02, R -14 and R -12: B -1), respectively. The data appear almost linear as shown by the regression lines in both figures, indicating the validity of the parabolic growth rate law. Similar plots for runs under different conditions in these two systems are shown in Figure  11 (A -2 and B -2 for 900 °C and 200 MPa; A -3 and B -3 for 800 °C and 200 MPa) and also in Figure 12 (A -2 and B -2 for 850 °C and 150 MPa; A -3 and B -3 for 850 °C and 100 MPa), and they demonstrate the validity of the parabolic growth rate law in all cases. Each regression line shows a squared multiple correlation coefficient (R 2 ) greater than 0.9 (Figs. 11 and 12) . However, the regression lines do not pass through the origin. Positive intercepts with the abscissa may imply some kinetic effects such that the melting initiates after some interval following the onset of the experiment. Regression lines under the conditions [ Fig. 11(B -2) the abscissa. This implies that the development of the DCM is not strictly governed by the parabolic growth rate law, but the reason for this is not yet clear. Therefore, these runs have been excluded from the following discussion to determine the minimum diffusivity in the granitic melt.
Minimum diffusivity in the granitic melt
As described above, we observed a proportionality between the maximum thickness, W, of the DCM and the run duration, t, on the basis of three runs of 19 h, 34 h, and 72 h for each condition (Figs. 11 and 12 ). The relationship at 200 MPa and 800 °C in the Ab -Qtz -H 2 O system can be written as:
This relation implies that the diffusion -controlled melting was initiated after t 0 = 26125 s from the onset of the experiment owing to some unknown kinetic effect. The equation permits the calculation of the diffusivity by combining it with the parabolic growth rate law, as shown below.
This magnitude is of the same order as that of the minimum diffusivities of alkalis determined by dissolution experiments of quartz and feldspars in a H 2 O -saturated haplogranitic melt at 200 MPa and 800 °C (Acosta - Vigil et al., 2006b) . Using the same method, we have derived the magnitude of the diffusivity for each experimental condition, and the results are listed in Table 7 . In our case, the meaning of the calculated diffusivity is not completely clear because it is based not on the concentration profile of a particular component but on the measured thickness of the DCM. In the case of diffusioncontrolled melting, the slowest diffusion will be the ratedetermining process. Therefore, we interpret the calculated diffusivity as the minimum diffusivity in the melt without specifying the component. As discussed earlier, 
Temperature dependence of the minimum diffusivity in the granitic melt
The temperature dependence of the diffusivity can be usually expressed by the following equation:
where D indicates the diffusivity; D 0 T , the diffusivity the infinite temperature; Q, the activation energy (kJ/mol); and R, the gas constant. By plotting ln D versus 1/T (Arrhenius plot), we can evaluate the value of −Q/R, and hence, the temperature dependence of the diffusivity. Figure 13A shows an Arrhenius plot of the minimum diffusivity against 10000/T (K) for the Ab -Qtz -H 2 O system. The line is a least -squares fit to the minimum diffusivity data at 800 °C, 850 °C, and 900 °C under isobaric conditions of 200 MPa (R 2 = 0.942), yielding an activation energy of 640 ± 80 kJ/mol. Figure 13B shows a similar plot for the Or -Qtz -H 2 O system with the minimum diffusivity data at 800 and 850 °C under isobaric conditions of 200 MPa. Thus, in both granitic systems, the diffusivity shows a strong temperature dependence.
Pressure dependence of the minimum diffusivity in the granitic melt
The pressure dependence of diffusivity is generally expressed as follows:
where V* is the activation volume (cm 3 /mol), and D 0 P denotes the diffusivity at zero pressure. Figure 14A shows a plot of the minimum diffusivity in the Ab -Qtz -H 2 O system under isothermal conditions of 850 °C against pressures of 100 and 200 MPa, and shows a strong dependence on pressure. In the case of the Or -Qtz -H 2 O system ( Fig. 14B) , however, the data show an almost linear relationship (R 2 = 0.901), and the value of the activation volume is determined to be −35 ± 5 cm 3 /mol. In both systems, the minimum diffusivity has a positive correlation with pressure. ) for runs at 850 °C, showing a strong pressure dependence of the diffusivity. The diffusivity is calculated by linear regression of the data according to the parabolic growth rate law. 
CONCLUSION
Melting experiments were carried out in the Ab -Qtz -H 2 O and Or -Qtz -H 2 O systems under the conditions of 100 -200 MPa and 800 -900 °C for durations of 19 -72 h. This study aimed to produce and preserve the actual melt layer in the granitic system, to determine the diffusivity resulting from its melt layer, and to determine the temperature and pressure dependence of diffusivity. Run products exhibited the development of a DCM between single crystals (either albite or orthoclase) and powdered quartz, which obeyed the parabolic growth rate law. In the case of diffusion -controlled melting, the slowest diffusion will be the rate -controlling process. We interpreted the magnitude of the diffusivity, calculated by using a parabolic growth rate law, as the minimum diffusivity in the melt without specifying the component. 
